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Abstrat
We propose a very simple but realisti enough model whih allows to inlude a large number
of moleules in moleular dynamis MD simulations of these bilayers, but nevertheless taking
into aount moleular harge distributions, exible amphiphili moleules and a reliable model
of water. All these parameters are essential in a nanosopi sale study of intermoleular and
long range eletrostati interations. This model was previously used by us to simulate a Newton
blak lm and in this paper we extend our investigation to bilayers of the biologial membrane
type. The eletrostati interations are alulated using Ewald sums and, for the marosopi long
range eletrostati interations, we use our previously proposed oarsed t of the (perpendiular
to the bilayer plane) moleular harge distributions with gaussian distributions. To study an
unique biologial membrane (not an stak of bilayers), we propose a simple eetive external
potential that takes into aount the mirosopi pair distribution funtions of water and is used
to simulate the interation with the surrounding water. The method of eetive marosopi and
external potentials is extremely simple to implement in numerial simulations, and the spatial
and temporal harge inhomogeneities are then roughly taken into aount. Moleular dynamis
simulations of several models of a single biologial membrane, of neutral or harged polar am-
phiphilis, with or without water (using the TIP5P intermoleular potential for water) are inluded.
∗
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I. INTRODUCTION
Amphiphili bilayers play a key role in numerous problems of interest in hemial physis,
nano- and biotehnology. An amphiphili moleule onsists of a non-polar hydrophobi ex-
ible hain of the (CH2)n type, the 'tail', plus a hydrophili setion, a strongly polar 'head'
group. In aqueous solutions, the 'head' interats with water and shields the hydrophobi
tails, so the the amphiphilis tend to nuleate in miselles or bilayers, depending on onen-
tration and the 'head' group size [1℄. A simple model of a biologial membrane onsists in a
bilayer of amphiphili moleules, with their polar heads oriented to the outside of the bilayer
and strongly interating with the surrounding water. The opposite model of bilayer, with
the water in the middle and head groups pointing to the inside, also exists in nature and
are the soap bubbles lms, or Newton blak (NB) lms, as they are alled in their thinnest
states.
We propose a very simple but 'realisti' enough model of amphiphili bilayers, so a large
number of moleules an be inluded in the numerial simulations and at the same time
moleular harge distributions, exible amphiphili moleules and a reliable model of water
an be taken into aount. All these parameters are essential in a nanosopi sale study.
Suh amphiphili bilayer models will be useful to obtain reliable information on the eet
of the external parameters (like surfae tension, external pressure and temperature) on
physial properties of the membrane, as well as to address problems like the diusion and/or
nuleation of guest moleules of tehnologial, pharmaeutial or ambiental relevane within
these bilayers, the main area we are interested in. In Ref. [2℄ we proposed an amphiphili
model with the desired harateristis and applied it to the study of the marosopi eletri
eld and intermoleular interations in a bilayer of the NB lm type. Here we extend our
study to the ase of a single biologial membrane model.
Many moleular dynamis MD simulations of biologial membranes using detailed all
atom models of amphiphili moleules have been performed. For example, in ref. [3℄ a
sample of 64 DMPC (dipalmitoylphosphatidylholine) moleules and 1645 water moleules
were simulated for 2 nse, using an interation model that inludes Lennard-Jonnes LJ
potentials and a set of harges distributed at atomi sites. These type of MD alulations
are extremely useful to obtain reliable information not only on the membranes themselves
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but also on the behavior of guest moleules. Their main problem is that they are extremely
lengthy and, due to the periodi boundary onditions along the perpendiular to the bilayer
and the relatively small number of water moleules inluded, in most ases the simulated
sample is, in fat, a stak of bilayers.
In general, biologial membranes are more lengthy to simulate than NB lms with
the same number of amphiphilis, due to the muh larger number of water moleules per
amphiphili needed to inlude in order to obtain full hydration of their polar heads. Also
the detailed atomi desription of a NB lm amphiphili is usually more simple than a
lipid of a biologial membrane. That is the motivation behind the study of extremely
simple models [49℄ that, although do not inlude eletrostati interations, have been
useful to study mesosopi problems like thermal undulations and nuleation of pores. We
an inlude in this ategory the water free models, alulated with a bilayer of three
sites linear rigid [4℄ or exible [5℄ moleules, the site-site interations inlude repulsive and
atrative Lennard- Jones potential terms but not harges. Also oarse grained membrane
models have been proposed [69℄, whih allow MD simulations in the order of hundreds of
nanoseonds in time sale and mirons in spae sale; in this way, even more ompliated
problems, like membrane fusion, self-assembly of lipids and diblok opolymers, have been
addressed.
A further problem to solve, when studying biologial membranes, is that of the periodi
boundary onditions along the perpendiular to the bilayer. The usual approah is to inlude
the largest possible number of water moleules in the MD sample and to apply 3D periodi
boundary onditions [10℄. In ref. [11℄, this method was improved by using periodi boundary
onditions and a variable box size along the perpendiular to the bilayer plane. In this way it
is possible to work at onstant surfae tension (given by the surfae density of amphiphilis
in the membrane) and at onstant external normal pressure, applied perpendiular to the
bilayer. Nevertheless, even using this type of approah and due to the periodi boundary
onditions, the thikness of the water layer in the MD box is usually around 20 Å[11℄, and
therefore the simulation is more adequated for the study of staks of membranes.
In Ref. [2℄ we disussed the problem of these quasi 2D highly harged bilayers and
performed, as an example, the simulation of a NB lm. We used the Ewald method for the
eletrostati intererations, but applying 2D periodi boundary onditions in the plane of
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the bilayer plus a large empty spae (along the perpendiular to the plane) in the simulation
box. We also proposed a novel, simple and more aurate marosopi eletrostati eld
for model bilayers and applied it to the ase of NB lms. Our marosopi eld model
goes beyond that given by the total dipole moment of the sample, whih on time average
is zero for this type of symmetrial bilayers. We showed that by representing the higher
order moments with a superposition of gaussians the marosopi eld an be analytially
integrated, and therefore its alulation easily implemented in a MD simulation (even in
simulations of non-symmetrial bilayers) [2℄.
At variane with a soap bubbles lm, the alulation of a single biologial membrane
implies a number of pratial problems, related to the interation of the amphiphili bilayer
with the surrounding water and how to perform an aurate alulation of the far from neg-
ligible eletrostati interations. To analyze the rle of the water moleules in the dynamis
and stability of these aggregates we need, on one hand, to really inlude a number of water
moleules in the model, beause they diuse around the polar head groups and not all of
them are 'outside' the bilayer. On the other hand, we have an upper limit for the total
number of water moleules that an be inluded in the numerial simulations.
There are many approahes to address the problem of the long ranged eletrostati po-
tential and the fores on a solved moleule due to the surrounding solvent, as well as those
arising from the diusion and olletive motions of a large number of polar and/or harged
moleules in solution. The solutions range from the inlusion of a few water moleules in-
side a dieletri avity (the reation eld approah) to the inlusion of a large number of
water moleules in a sample, using periodi boundary onditions and the Ewald's method
to alulate the eletrostati interations.
The reation eld approah to solve the long ranged eletrostati interations onsists in
onsider eah harge within a dieletri avity that an hold a small number of solute and
solvent moleules (for example, ref. [12, 13℄), long range interations are avoided in this
way, but the solvent behavior is strongly dependent on the size and form of the nanopore.
Moreover, the main problem of the dieletri avities (besides being a marosopi approxi-
mation) is that they delimit a onstant volume with very few water moleules inside. Large
utuations in all measured properties are due to the utuating number of harges inside
the avity. The reation eld method an be improved by applying a swithing funtion
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that smooths the dieletri boundary of the avity, reduing thus the measured harge u-
tuation [14℄, or by dening a realisti shape of the solute-solvent boundary (i. e. given by
interloking spheres entered on solute atoms [15℄). Nevertheless, remains the fat that a
avity in a homogeneus dieletri is a ontinuous marosopi approximation, and therefore
an oversimpliation of the solute interations with water at distanes of a few angstroms
[16℄, this non-homogeneity is non-negligible, at least, up to seond neighbour distanes.
Here we propose to take into aount the interation of the amphiphilis with the
surrounding water by using a variable size 'realisti' avity that takes into aount the
mirosopi pair distribution funtion of water and the external pressure (the normal
omponent for amphiphili bilayers).
In this paper we extend our study on NB lms and present a few and simple moleular
models for the simulation a single biologial bilayer. Eletrostati interations, using Ewald
sums and our proposed marosopi eld model are taken into aount in both types of
lms [2℄. Moleular dynamis (MD) simulations of a pure sample of water and a few solved
amphiphili moleules in water, using the TIP5P water intermoleular potential model,
in order to obtain the needed pair orrelation funtions are inluded. In the following
setions we present the external eetive eld of the surrounding water for a single biologial
membrane simulation, the marosopi eletri eld of biologial membranes with periodi
boundary onditions in two diretions perpendiular to the bilayer plane, the moleular
dynamis simulations performed for several proposed bilayers models: with and without
solved ions, and with or without water, as well as dierent properties measured in them.
II. BULK WATER
We seleted the lassial rigid TIP5P [17, 18℄ moleular model for water. It onsists
of one LJ site (ε = 0.67 kJ/mol, σ = 3.12 Å) loalized at the O and 4 harges, two
harges q
H
= 0.241e are loalized at the H atoms and two qLp =-q
H
at the lone pairs.
TIP5P gives good results for the alulated energies, diusion oeient and density ρ as a
funtion of temperature, inluding the anomaly of the density near 4C and 1atm [17℄, the
X-ray sattering of liquid water [19℄, et. The only exeption is the O-O pair orrelation
funtion g2(r), for whih the rst neighbor is loated at a slightly shorter distane than the
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experimental one [17℄.
In order to obtain the needed pair distribution funtions of water, we performed a
lassial miroanonial MD simulation of pure water at the 298K experimental density
(29.9 A3 per moleule). The eletrostati interations are alulated using 3D Ewald sums
and periodi boundary onditions are applied. The ut-o radius is 14 Å and orretion
terms to the energy and pressure, due to this nite ut-o, are taken into aount. The
minimum image onvention is applied. The equations of motion of the rigid water moleules
are integrated using the veloity Verlet algorithm for the atomi displaements and the
Shake and Rattle algorithms for the onstant bond length onstraints on eah moleule.
The temperature, in this simulation, is maintained using the Nosé-Hoover hains method
[20℄. The time step is of 1 fs., the sample is thermalized for 20 ps. and measured in the
followings 100 ps. As the lone pair interation sites are not oinident with atomi sites,
the algorithm employed to translate the fores from massless to massive sites is that of ref.
[21℄. The nal version of the MD program is similar to that used in refs. [2224℄.
Fig. 1 shows our alulated pair orrelation funtions, obtained from two MD simulations
of 864 and 1688 water moleules. Note that we are inluding also the lone pair the pair
orrelation funtions with all other sites.
In this MD simulation we also measured the interation energy of a moleule loated at
a distane hz>0 with all moleules ontained in the semi-volume dened by z ≤ 0. The
number of water moleules in half the MD box utuates as a funtion of time (with a
deviation of 2%, at STP) and our measurement orresponds then to the (ρ,P,T) ensemble.
In Fig. 2 we inlude the measured eetive potentials for LJ and harge - harge interations
as a funion of the distane hz between the site and the origin. The Ewald onstant was set
equal to zero in this alulation. The histograms for LJ atom-atom interations onverge
to the values of Fig. 2 after a few ps., the eletrostati interations instead show very
large utuations as a funtion of time, and the averages are over 100 ps. The measured
omponents of the eletrostati fores along x and y axes show an averaged value of zero,
with a deviation of less than 5% of the alulated maximum value for the z omponent.
We found that the eetive potential energies Ueff (h) that we measured in our MD run,
an be reprodued by a mean eld alulation of the eetive interation potential of one
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Figure 1: The pair orrelation funtions for water at 298 K and 1 atm, alulated with the TIP5P
model.
moleule with a wall at z = 0, but taking into aount the disrete distribution of partiles
within the semi-volume at z < 0, as given by the orresponding pair distribution funtion.
That is,
Ueff (h) =
∫ 0
−∞
dz
∫ ∞
−∞
dx
∫ ∞
−∞
dy U(r) g2(r) , with r =
√
(x2 + y2 + (z + h)2) (1)
and the eetive fore is numerially alulated:
Feff (h) = −
∂
∂h
Ueff(h) . (2)
Where
U(r) = 4ε[(
σ
r
)12 − (σ
r
)6]
for LJ interations, and
U(r) =
qiqj
r
for harge qi - harge qj interations.
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Figure 2: Measured eetive potential (Units: kJ/mol) of LJ and harged sites with the 'liquid
wall' (see text).
Figure 3: The eetive interation potential on (a) O (a LJ site) and (b) harged sites, loated at
a distane h of the water semi-volume.
Using the pair distribution funtions of Fig. 1, the Ueff(h) and Feff(h) funtions were
numerially integrated for eah pair of site− site interation. Note that, as we are dealing
with a disordered sample of neutral moleules, all g2(r) pair orrelation funtions are ap-
proximately equal to 1 for r & 10A, inluding those between harged sites (H and Lp sites
of the TIP5P model). These funtions are used to alulate the eetive interation of LJ
sites and harges with the semi-volume at z < 0. Therefore, in a mean eld approximation,
both quantities Ueff(h) and Feff (h) tend to zero for large distanes h.
The following gure, Fig. 3(a) shows the interation energy between a LJ site at a
distane h of the liquid surfae, alulated with the pair orrelation funtion gOO(r) and,
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for the sake of omparison, we inlude the same interation potential with a homogeneous
semi-volume [25℄. Note that both potentials greatly dier at short distanes z. This fat is
important, for example, in studies on the interation of onned water within hydrophobi
surfaes [26℄, where a large dierene will be found when performing the alulations using
our eetive interation potential, instead of that given by an uniform distribution of sites.
Fig. 3(b) is the result obtained for q-q interations, alulated with the pair orrelation
funtions gHH(r), gLpLp(r) y gHLp(r). The obtained Ueff (h) funtions losely follows those
measured in our MD sample of pure water at STP.
III. OUR AMPHIPHILIC MOLECULE MODEL SOLVED IN WATER
In a next step we studied the pair distribution funtions of an amphiphili moleule
solved in water. We propose two simple amphiphili models, one is harged and the other
is neutral, with a dipolar head.
Our harged amphiphili onsists in a semiexible single hain of 14 atoms, the bond
lengths are held onstant, but bending and torsional potentials are inluded. The rst two
atoms of the hain mimi a harged and polar head (atom 1 with q1 =- 2 e, atom 2 with
q2 = 1 e), sites 3 to 14 form the hydrophobi tail with unharged atoms: sites 3 to 13 are
united atom sites CH2 and site 14 is the united atom site CH3. This harged model is
the same used in the simulation of NB lms [2℄ and orrespond to an oversimpliation
of sodium dodeyl sulfate SDS (CH3(CH2)11OSO
−
3 Na
+
) in solution, so we are inluding
a Na+ ion per hain. The LJ parameters are those of ref. [27℄, exept for the sites 1
and 2 that form the amphiphili polar head: σ1 = 4.0Å, σ2 =4.0 Å, σNa =1.897 Å, ε1=
2.20 kJ/mol, ε2= 1.80 kJ/mol and εNa= 6.721 kJ/mol. The masses of the sites are the
orresponding atomi masses, exept that m1 = m2 = 48au., in order to mimi the 'real'
amphiphili head. The LJ parameters of the united atom sites are taken from alutations
on n-alkanes [28℄: σCH2 =3.850 Å, σCH3 =3.850 Å, εCH2= 0.664 kJ/mol, εCH3= 0.997
kJ/mol. The LJ parameters for the Na+ion are taken from simulations of SDS in aqueous
solution [29℄ and Newton blak lms [27℄.
The intramoleular potential inludes harmoni wells for the bending angles β and the
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Figure 4: Pair orrelation funtions between the harged amphiphili model sites, unbonded ion
and water sites.
usual triple well for the torsional angles τ , the onstants are the those ommonly used for
the united atom site CH2[30℄. These potentials are needed to maintain the amphiphili
stiness and avoid moleular ollapse. The bending potential is
V (β) = kCCC(β − β0)2 ,
with β0 = 109.5 deg. and kCCC = 520 kJ/rad
2
. The torsional potential is of the form
V (τ) = a0 + a1cos(τ) + a2cos
2(τ) + a3cos
3(τ) + a4cos
4(τ) + a5cos
5(τ) ,
the onstants are a0 = 9.2789, a1 = 12.1557, a2 = −13.1202, a3 = −3.0597, a4 = 26.2403
and a5 = −31.4950 kJ/mol; this potential has a main minimum at τ = 0 deg. and two
seondary minima at τ = ±120 deg.
The neutral amphiphili moleule is entirely similar to the harged one, exept that, in this
ase is q1 = −q2 =- 1 e, and no ions are inluded in the simulation.
The pair orrelation funtions between the amphiphili and the TIP5P sites were
obtained from a MD simulation, performed with a time step of 1 fs, 40 ps. of equilibration,
and afterwards measured over a free trajetory of 40 ps. The following gures inlude
the pair orrelation funtions (Fig.4 for harged amphiphilis and Fig. 5 for neutral ones)
and the orresponding eetive potentials for LJ sites, (Fig. 6) and harged sites (Fig.
7), alulated as in the preeding setion for both amphiphili models, interating with a
'liquid semi-volume'.
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Figure 5: Pair orrelation funtions between the neutral amphiphili model sites and water sites.
Figure 6: Eetive potentials for LJ sites of (a) harged and (b) neutral amphiphili sites interating
with the liquid wall. Units as in Fig. 2
Figure 7: Eetive potentials alulated for harged sites of (a) harged and (b) neutral amphiphilis
interating with the liquid wall. Units as in Fig. 2
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IV. THE BIOLOGICAL BILAYER MODEL:
Using the above mentioned moleular models we an build several simple models of
biologial membranes and also a Newton blak lm [2℄. The initial onguration of our MD
simulations is always a pre-assembled struture, beause the time sale of self-assembly,
starting from a homogeneus mixture of lipids and water, is about ns. [6℄, the order of
our longest simulations. For example, Fig. 8 shows the initial onguration of one of our
simple biologial membrane simulations, onsisting of 226 of our harged amphiphilis,
226 Na+ ions and 2188 TIP5P moleules, the bilayer is perpendiular to the ẑ MD box
axis, with a box size of a = b = 45.Å, c =1000 Å. Although real biologial membranes are
usually modeled with amphiphili moleules onsisting in one head with two hydrophobi
hains [3℄, here we are analysing an extremely simple membrane model in whih the strong
eletrostati interations and the density of hydrophobi hains in the bilayer play the key
rle. That is our reason for using the same amphiphili model as that in our NB lms
simulations [2℄.
Figure 8: Initial ongurations of: a model biologial membrane.
The MD integration algorithms, time step and ut-o radius are essentially idential
to those used on our bulk samples, exept for the 2D periodi boundary onditions, that
now are applied only in the xy plane of the bilayers, and that we are inluding: (a) an
eetive external potential for biologial membranes (in the diretion perpendiular to the
bilayer) due to the surrounding water not expliitly inluded in the simulation, and (b) our
proposed marosopi eletri eld.
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For our onstant temperature MD simulations of bilayers we use the Berendsen al-
gorithm [31℄, applying the equipartition theorem to eah type of moleule and a strong
oupling onstant τ = 0.5∆t linking the average kineti energy of eah kind of moleules
(amphiphilis, ions and water) to the desired kineti energy of
3
2
kBT0, with T0 = 300K.
The Berendsen algorithm turned out to attain equipartition and equilibrium temperatures
faster than the Nose-Hoover hains method [20℄ (used in our bulk samples), when applied
to our mix of exible and rigid moleules.
We also have to take into aount the following fats:
a) Although the c parameter of the MD box is onstant, at equilibrium the width of
the slab (that inludes the layers of amphiphili and water moleules) utuates in time,
mantaining a given average perpendiular pressure, whih we set about 1 atm in all inluded
simulations. If desired, by allowing variations of the ab MD box size, the lateral tension of
the bilayer an also be adjusted to utuate around a given value.
b) To simulate a single biologial membrane, all eetive interations between our
moleules inluded in the sample and those water moleules outside the slab, we inlude
eetive potentials Ueff(h), their ontribution to the energy and fores on every site de-
pending on the type of site and the distane of the site to both surfaes that delimit the
slab. That means that at eah time step we need to determine the two distanes h− and
h+, of all moleular sites to the instant loation of the two onning liquid surfaes. It is
interesting to note that these eetive potentials and fores tend to maintain a tight paking
of the bilayer along ẑ. This last statement was veried by running a sample similar to that of
Fig. 8 (a), exept that all ions and amphiphili moleules are removed. In a few ps. the two
slabs of water join in a single layer, with the nal (and utuating) thikness orresponding
to the experimental STP density of water.
) The site-site LJ interations between all moleules in the sample have a nite utt-o
radius of 15 A. In 3D simulatons, the ontributions of sites outside this sphere are taken into
aount assuming an uniform distribution of sites and performing a simple integration. In
our uasi 2D system, the volume to integrate is that outside the ut-o sphere and within
the volume of the slab. Appendix A in Ref. [2℄ inludes this integral.
d) The eletrostati interations are alulated via the standard 3D Ewald sums with
a large size box along the perpendiular to the bilayer slab and 2D periodi boundary
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onditions in the plane of the slab. The Ewald's sum term orresponding to our proposed
marosopi eletri eld is disussed in the following setion.
V. THE MACROSCOPIC ELECTRIC FIELD IN A QUASI - 2 D SAMPLE:
Eletrostati fores have a far from negligible ontribution to the self-assembly and nal
patterns found in soft matter systems. Several reviews for quasi-2D and 3D geometries
[3234℄ are available, where the marosopi eletri eld is given, in a rst approximation,
by the rst multipolar (dipole) moment of the MD box. In partiular, for monolayers, the
marosopi eletri eld is given in a rst approximation by the ontribution of the surfae
harges of an uniform dieletri slab. If the slab, of volume V , is oriented perpendiular to
the z diretion, the ontribution to the total energy of the system is:
Umacrosc. = 2pi
V
Mz
2
,
where Mz is the total dipole moment of the slab, and the ontribution of this term to the
total fore on every harge qi of the sample is:
Fmacrosc.i (z) = −4piV Mz.
This approximation for the marosopi eld, plus 3D Ewald sums with a large MD ell
along z, has been tested in simulations of monolayers [34, 35℄. In the MD simulation of
bilayers, instead, and due to its geometry, the total dipole moment Mz is zero in a time av-
erage and therefore a more aurate estimation of their marosopi eletri eld is desirable.
In a reent paper [2℄ we disussed several approahes and proposed a novel oarse t of
the harge distribution of the dierent membrane omponents (water and amphiphilis plus
ions), using a superposition of gaussian distributions along z. In this way, the ontribution
of these harge distributions to the marosopi eletri eld an be exatly alulated. The
method is extremely simple to implement in numerial simulations, and the spatial and
temporal harge inhomogeneities are roughly taken into aount.
At eah time step of the MD simulation we deompose our bilayer's harge distribution
in four neutral slabs: two for the upper and lower water layers and other two for the
amphiphili heads plus ions. For eah one of the four neutral slabs, instead of onsider
two planar surfaes with an uniform density of opposite harges, we propose two gaussian
distribution along z, the perpendiular to the slabs, with the same opposite total harges and
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loated the same relative distane (maintaining the slab width). The oarsed distribution
of harges in the bilayer is then a linear superposition of gaussians:
ρ(z) =
∑
i
qi√
2piσi
exp(− (z−zi)2
2σ2i
)) ,
The marosopi eletri potential V (z) and the fore eld Ez(z) due to this type of
harge distribution an be exatly solved. In Appendix C of Ref. [2℄ we inlude the
analytially solved integrals (one of them is a new integral not inluded in Mathematia
[36℄). The nal result is:
V (z) = −2
√
2pi
∑
i σi qi (exp(− (z−zi)
2
2σi2
)− ( z−zi√
2σi
)Erf [ (z−zi)√
2σi
]) .
Ez(z) = −∂V (z)∂z = 2pi
∑
i qiErf [
(z−zi)√
2σi
].
These expresions are valid for any number of slabs, that as a funtion of time an hange
not only their position and width but also they an superpose. To inlude the marosopi
eletri eld term we need to determine the values of the σi, zi and qi parameters at eah
MD time step. For eah one of the two slabs that simulate the harge distribution of
hains' heads plus ions, we t the zi parameters of two gaussians, so as to reprodue the
dipolar moment of the slab. Their σi values are obtained from the orresponding harge
distributions, with qi = 1 for ions and qi = −1 for hains' heads. Typial values of these
variables, as well as the ontribution of the external potential and the marosopi eletri
eld to the total fores on all moleules, are reported for all simulated bilayers in setion
VI.
Here we have applied this exat alulation method of the marosopi eletri eld to
a symmetrial (along z ) slab geometry, but it is also valid in an asymmetrial ase, whih
may imply a nite dierene of potential aross the bilayer. As we pointed out in Ref. [2℄,
the extension of this method ( a oarse grained representation of the marosopi eletri
eld via a superposition of gaussians) to other geometries is also strightforward, a spherial
geometry, for example, would be useful for the study of miselles. Its great advantage is
that these representations an be analytially solved.
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VI. FOUR CALCULATED MODEL BILAYERS, RESULTS:
To test the versatility of our approah, four dierent bilayers models were studied: with
and without ions solved in water and with and without the water layer. We only inlude here
a few simulations of eah simplied bilayer model, whih were mainly performed to analyze
the ontribution of the eetive external potential and the marosopi eletri elds to the
equilibrium struture and moleular dynamis of eah bilayer. Elsewhere we will present a
detailed analysis of the phase diagram of these and other bilayer models and their dependene
on the amount of water and ions, the amphiphilis length, external pressure, lateral tension,
et.
A. A simple biologial membrane with its surrounding water and solved ions:
Figure 9: Final onguration of the sample of Fig. 8a, with a=b=42.45Å: (a) a ross setion, (b)
ab ross setion.
This is the sample whose initial onguration was inluded in setion IV. Fig. 8(a) shows
the initial and Fig. 9 the nal equilibrated onguration of this simple model membrane,
onsisting of 226 negatively harged amphiphili moleules, 226 positive harged ions and
2188 water moleules (9.7 water moleules per amphiphili), the bilayer is perpendiular to
the ẑ MD box axis, with a box size of a = b = 42.45Å, c =1000 Å. In a onstant volume
MD simulation the nal equilibrium width of this slab (inluding all moleules) is about
60Å. The periodi boundary onditions are applied along the x̂ and ŷ diretions and a large
unit ell c parameter (that is, a large empty volume) is taken, in order to approximate the
16
required 2D Ewald sums by the usual 3D sums. In addition, the ontribution of the eetive
external potential due to the water outside the slab and the marosopi eletri eld are
taken into aount (Fig. 10).
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Figure 10: Prole of: (a) the marosopi oarse t of the harge density ρ(z), the marosopi
eletrostati potential V(z) and eletri eld E(z) (full line for total values, dotted line for heads plus
ions ontribution), (b) our measured prole of fores ating on all moleules due to the marosopi
eletri eld, the external fore and total fores, as a funtion of the enters of mass loations along
z, in the model membrane with harged hains.
Fig. 10 (a) shows the funtions ρ(z), V (z) and Ez(z) alulated in one of the time steps
of the free MD trajetory of the equilibrated sample. As time evolves, these funtions show
small utuations around the values inluded in the gure. ρ(z) is obtained from a oarse
grained t of the harge distribution of our MD sample using four harged slabs, two of them
represent the harged heads plus ions and the other two the water moleules (As explained
in setion V). The parameters of the four slabs used to alulate ρ(z) in Fig. 10 are:
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qi(e) zi(Å) σi(Å)
slab 1 (water) −0.241 24.515 4.705
0.241 23.325 4.705
slab 2 (head and ions) −1.0 16.349 4.011
1.0 16.832 4.011
slab 3 (head and ions) 1.0 −16.832 4.011
−1.0 −16.349 4.011
slab 4 (water) 0.241 −23.325 4.705
−0.241 −24.515 4.705
.
One obtained ρ(z), the marosopi potential V (z) and orresponding eletri eld
Ez(z) are alulated as explained in setion V. Units in Fig. 10 and following ones: density
of harges [ρ] = e
Å
3 ; eletrostati potential [V ] =
e
Å
(for omparison with experimental
data
[
e
Å
]
= 0.04803 cm
1/2gr1/2
sec
= 14.399 [V olt] ); eletri eld [E] = e
Å
2 .
Most of available all-atom simulations are on bilayers of neutral amphiphilis. In our
ase, as the ion Na+ is not bonded to the amphiphili head, we annot diretly ompare
our results. Our model bilayer with harged amphiphilis is more similar to that alulated
in Ref. [37℄, where a bilayer of 100 DMPA2− (harge=-2e) amphiphilis, 9132 water
moleules and Cl2Ba in solution (100 Cl
−
and 150 Ba2+ ions) is simulated. In this
sample they observe a harge inversion of about 1.07 Ba(2+) ions per DMPA moleule,
and therefore the ontribution of lipids plus ions to the eletrostati potential is positive
in the ore of the bilayer, the ontribution of the water layer is opposite but not large
enough so as to hange the sign of the total potential. Our single hain amphiphili has
a harge of −1e, but from the atomi density proles of Fig. 11 we alulate that most
of the ions Na+ remain around the head group, but about 11% of them are solved in the
water layer. That means that our bilayer do not show harge inversion and the ontribution
of lipids plus ions to the eletrostati potential is negative, and we also observe that the
ontribution of the water layer is opposite but not large enough so as to hange the sign
of the total potential. We obtain for harged head and ions a negative potential ontribu-
tion of about -6 e/Å, the water layer polarization is not strong enough to ounterbalane
this trend, and the nal value is a negative potential, at the membrane ore, of about -2 e/Å.
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This behavior is at variane with the usual one observed for neutral lipid bilayers, where
a dieletri oversreening of water is observed and therefore the total alulated eletrostati
potential V (z) is opposite to the ontribution given by the amphiphili layers. For example,
in a typial all-atom MD simulation of a neutral SDPC (1-stearoyl-2-doosahexaenoyl-sn-
glyero-3-phosphoholine) phospholipid bilayer [38℄, it is found that, on average, the negative
P atom in the head group is loated loser to the membrane interior than the positive N
atom, the same orientation for harges is obtained with our oarse grained t of the head
groups plus ions. The SDPC lipid dipoles [38℄ are oriented so as to ontribute with a negative
eletrostati potential in the membrane ore of about -1 V (∼ −14.4e/Å), the water polar-
ization reates an opposite potential and the total result is a positive potential of about +0.5
V [38℄. A similar positive potential at the membrane ore of ∼ +0.35V is alulated in an
all-atom MD simulation of a POPC (palmitoyl-oleoyl-phosphatidylholine) lipid membrane
[39℄ and of +0.575V in other MD simulation of a DPPC (dipalmitoy-phosphatidyl-holine)
bilayer [40℄.
Fig. 10 (b) inludes the ontribution of the eetive external potentials Ueff (z) (that
models the surrounding water) and the marosopi eletri eld Emacro(z) to our measured
total fores on water, ions and hain moleules, as a funtion of the enter of mass loations
along z, averaged over a free MD trajetory of 50 ps, Units: [F ] = kJ/mol/Å. The
negatively harged amphiphilis tend to drift away of the bilayer due to the marosopi
eletri eld but this tendeny is balaned by an opposite fore on the movile ions loated in
the neighborhood of the harged heads. The external fore due to the surrounding water is
mainly felt by the moleules near the up and lower borders of the sample, although near the
head groups follows the same tendeny of the fores due to the marosopi eld. Lastly,
when adding all moleule - moleule interations, the total fores on the amphiphilis tend
to maintain a bilayer struture.
Figs. 11(a) and (b) show, respetively, our atomi and eletroni density proles.
The head to head distane, perpendiular to the bilayer, is about 36Å with an area per
hydrophobi hain of 16Å
2
. Our prole for the water density is similar to those alulated
for all-atom samples only around the amphiphili polar heads, but near both surfaes of
the slab, our prole resembles that alulated for water interating with a solid surfae,
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Figure 11: (a) Atomi (number of atoms per Å
3
) and (b) eletroni density proles for the sample
with a=b=42.45Å.
although the utuations of density are smaller due to a less repulsive short range external
potential (Fig. 3 (a)). The last dierene is due to our restrition on the water diusion
along z and to have allowed only very small utuations of the internal pressure in the
z diretion, this in turn implies that the moleules near the up and lower border of the
sample, at less than 2-3 times the LJ size of water, should not be taken into aount when
measuring the dierent bilayer properties.
To obtain a fast overview of how these properties depend on the amphiphilis density, we
performed a small series of ve onstant volume - onstant temperature simulations, with
inreasing values of ab ross setion, up to a = b = 45.0Å, at whih value large amounts
of water moleules interpenetrate the membrane and disorder the bilayer struture, as
measured by the diusion oeients and the atomi density prole. In all simulations
the pressure on the membrane, along z, is maintained utuating about 1atm., in the
sample of setion (42.45 Å)
2
the lateral pressure is about 3 atm, falling to ∼2 atm in the
sample of setion (45.0 Å)
2
, and the total width of the sample drops from 60Å to about 50Å.
The diusion oeients for the amphiphili hains, ions and water, are highly anisotropi
in all samples. For the sake of omparison, the experimental STP (25◦C and 1 atm.)
diusion oeient of bulk water [41℄ is 2.30 10−5cm2/ sec, and the lateral diusion of
lipids in a stak of DPPC bilayers [42℄, for example, is about 10−6cm2/ sec at 330 K
and less than 0.6 10−6cm2/ sec at 300 K. The next Table gives our measured diusion
oeients for amphiphili hains, ions and water, in the xy plane and in the z diretion
(Units: 10−5cm2/sec). It has to be taken into aount that for simulation samples
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of our size it is neessary to perform MD runs of nanoseonds to meassure diusion
oeients of the order of 10−6cm2/ sec. As our free MD trajetories are of 100 ps,
our values are an upper limit to the diusion oeients of these samples[43℄. In the
sample of setion (42.45 Å
2
) we measured osillations of the enters of mass around
an equilibrium position, without diusion, and orrespond to a simulation of a glassy
phase, while for the sample of setion (45.0 Å
2
) the measured difusion oeients are
of the order of 10−5cm2/ sec and orrespond to a liquid phase of solved amphiphilis in water.
chain−(z) chain−(xy) ion+(z) ion+(xy) W (z) W (xy)
a = 42.45Å − − − − − −
a = 43.20Å 0.2 0.7 0.15 0.6 0.2 1.2
a = 43.50Å 0.5 1.8 0.45 1.5 0.45 2.2
a = 45.00Å 1.6 3.8 1.6 3.1 1.0 3.8
Finally, the distortion of the amphiphili moleules was determined by the fration
of trans to gauhe (g+, g- ) torsional angles and by the distribution of site-site in-
tramoleular distanes (Fig. 12), alulated on a free MD trajetory of 100 ps. Both
measurements show an inreasing hain disorder for samples of lower density in the xy plane.
trans g+ = g−
a = 42.45Å 0.88 0.06
a = 43.20Å 0.88 0.06
a = 43.50Å 0.86 0.07
a = 45.00Å 0.66 0.17
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Figure 12: The head to bead 4 and head to tail
site distanes distributions for the amphiphilis in
two samples.
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B. A simple biologial membrane without surrounding water:
Figure 13: Simple model membrane without water: (a) initial onguration, (b) nal onguration,
() nal onguration of a sample with lower amphiphilis density.
In general, the models of amphiphili membranes without the expliit inlusion of the
solvent (water) are investigated beause of their simpliity and faster alulation of fenomena
at the mesosopi sale, as presented for example in Refs. [4, 5, 44℄ where the self-assembly
of bilayers is studied using simple neutral hains of 3 to 5 beads, one of them representing
the head.
Here we present a model that is simple and useful at the nanosopi sale, that inludes
strong eletrostati interations, exible hains of a more realisti number of atoms, and the
LJ interation parameters for the hydrophobi tail are those used in all atom simulations of
gel or liquid phases of amphiphilis. All these fats make it a reliable model to study the
properties of guest moleules onned within a biologial membrane, making it possible to
measure their diusion times, unoiling dynamis of hain moleules, interation with head
groups, et.
Here we inlude a simple model bilayer onsisting on 400 negatively harged hains plus
400 positive ions. We perform two MD simulations, one with a box size a = b = 56.Å (HD
sample with 16 2per hain), and a seond one with a = b = 65Å (LD sample with a density
of 21 2per hain), c =1000 Å for both. As an example of the versatility of our model, the
hains in this setion onsists in 20 beads, 2 of them forming the strongly harged head.
Exept for their length, these hains are entirely similar to those of the preeding setion.
As in the other ases inluded in this hapter, the phase diagram of this simple membrane,
and their dependene on the hain lenght are urrently under study. Fig. 13(a) shows the
initial and 13(b) the nal onguration of the HD sample, after a free MD trajetory of
100 ps, its equilibrium thikness of 52Å. Fig. 13() shows the nal onguration of the LD
22
sample with an equilibrium thikness of 40Å.
The MD runs are performed inluding the marosopi eletri eld term and the external
potential whih simulates the surrounding water. Fig. 14 (a) shows the funtions ρ(z),
V (z) and Ez(z) alulated in one of the time steps in the free trajetory of the equilibrated
sample. In this ase, ρ(z) is obtained from a oarse grained t of the harge distribution
of our MD sample using only two harged slabs that represent the harged heads plus ions
(As explained in setion V). The parameters used to alulate the funtions in Fig. 14 (a) are:
qi(e) zi(Å) σi(Å)
slab 1 (head and ions) −1.0 23.592 4.352
1.0 27.057 4.352
slab 2 (head and ions) 1.0 −27.057 4.352
−1.0 −23.592 4.352
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Figure 14: Prole of: (a) the marosopi oarse t of the harge density ρ(z), potential V (z )
and marosopi eletri eld E (z) (full line for total values, dotted line for heads plus ions
ontribution), (b) our measured prole of marosopi eletri eld, external fore and total fores
ating on all moleules, as a funtion of the loation of their enters of mass along z, in the model
membrane without water.
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Figure 15: Atomi density proles (number of atoms per Å
3
), (a) HD sample , (b) LD sample.
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Figure 16: Eletron density prole (eletrons/Å
3
) for HD and LD head groups.
In this bilayer model the potential eld and fores at the ore (Fig. 14 (a) and (b)) are
higher than those of the preeding setion, due to the large values of the harge density ρ(z)
and the lak of the eletrostati shield provided by the water layers.
The atomi density proles (Fig. 15) show that the monoatomi positive ions remain at
the border of the slabs, and the same happens with most of the amphiphili heads, although
for some of them we measured large exursions of the head groups within the bilayers, as
shown in Fig. 13.
In the eletron density proles (Fig. 16) we an see that the heavier atoms remain, on
average, at less than ∼ 5Å of up and lower border.
The distortion of the amphiphili moleules is measured via the bending and torsional
angles distribution (Fig. 17(a)) and head to bead hain distanes (Fig. 17(b)). From Fig.
24
17(a) we estimate a 0.84 trans fration of the torsional angles in the HD sample and a 0.74
fration in the LD sample. Aordingly, the head to bead 4 and head to tail distanes (Fig.
17(b)) have a larger spread and smaller hain length in the LD ase.
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Figure 17: (a) Torsion angle distribution in the HD and LD samples. (b) The head to bead 4 and
head to tail average distanes for amphiphili hains in HD and LD samples.
C. Simple biologial membrane with surrounding water and neutral amphiphilis:
The model membrane of this setion onsists of 226 neutral amphiphilis and 2188
water moleules, the bilayer is perpendiular to the ẑ MD box axis, with a MD box size
of a = b = 42.0Å, c =1000 Å. The neutral amphiphili is that desribed in setion III, a
hain of 14 atoms where two of them model the dipolar head (atom 1 with q1 =- 1 e, atom
2 with q2 = 1 e), sites 3 to 14 form the hydrophobi tail. The LJ atom - atom parameters
are equal in all of our amphiphili models. In a onstant volume MD simulation we found
that we annot stabilize a bilayer struture at 300K, the nal sample is disordered, the
water mix with the amphiphilis and we alulate an almost idential distribution of heads
and end groups within the bilayer (Fig. 18). This atomi prole, the measured diusion
oeients and moleular distortions (a trans fration of 0.66%) indiates a large disorder
in the alulated sample at 300K.
We onlude that with this neutral amphiphili model the eletrostati interations are
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Figure 18: Atomi density prole (number of atoms per Å
3
) for the bilayer of neutral amphiphilis,
without inluding the extra soft hydroarbon - hydroarbon potential interation term.
not strong enough to ensure a nal bilayer struture at 300K. This problem was already
found in other simulations of simple model bilayers without eletrostati interations, as
disused, for example, in Ref. [5℄.
The usual solution is to add a very soft and long ranged attrative interation term
between nonbonded hydrophobi tails [4, 5, 9, 45℄. In oarse grained membrane models with-
out eletrostati interations, for example, this extra interation term between nonbonded
hydrophobi beads, is ruial for stabilizing uid bilayers. This extra potential term is usu-
ally modelled with a very soft potential of the type LJ 2-1 type instead of the usual LJ 12-6
[4, 9℄, or by extending the range of the 12-6 LJ potential with a at setion at the minimum
[5℄, all of them show a broad atrative minimum. The obtained results suggest that this term
is apable of foring the lipid hains into gel-like onformations and tends to order the am-
phiphili tails, derease the area per head group and redue their lateral diusion oeient.
For our ases of weak eletrostati interations we deided to test the ontribution of
suh term. Our proposed soft potential for the nonbonded united atom CH2−CH2, CH2−
CH3, CH3 − CH3 interations is:
VLJ(r) = 4ε[(
σ
r
)12 − (σ
r
)6]
Vsoft(r) = 2ε[(
σ∗0.9
r
)12 + Erfc
Vfinal(r) =
1
2
[VLJ(r) + Vsoft(r)]
( r
σ
− 1)
The idea after this proposed Vsoft(r) funtion an be better seen when realling that
∂
∂r
Erfc( r
σ
− 1) = − 2
σ
√
pi
exp(−( r
σ
− 1)2),
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Figure 19: Proposed soft potential term (a) and fores (b) between non bonded united atoms CHn.
whih means a wide gaussian spread of the atrative interation fores around σ distanes.
In radial oordinates, the nal interation fores between non-bonded hydrophobi sites
beome:
FLJ (r) =
24ε
r
[2(σ
r
)12 − (σ
r
)6]
Fsoft(r) = 4ε[
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2
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℄
Fig. 19 (a) inludes the 12-6 LJ potential, the additional soft term and the nal potential
model, Fig. 19 (b) inludes, in spherial oordinates, the orresponding fores.
A new MD run on the same sample of neutral amphiphilis, but with the addition of
this soft potential term between non bonded united atoms, was performed. Fig. 20 shows
the equilibrated onguration. The alulated diusion oeient is less than 10−7cm2/sec,
indiative of a gel phase. The moleular distortions, as given by the trans fration of torsional
angles is 0.85%.
Fig. 21 inludes the atomi and eletroni density prole of this sample, and Fig. 22
its marosopi eletri eld and fores on moleular enters of mass, as a funtion of zˆ,
the axis perpendiular to the bilayer. Units as in the preeding setions. The marosopi
eletri potential V (z ) is positive in the entre of the bilayer, beause, on time and spaial
average, the head dipoles point to the interior of the bilayer.
This last point suggested a new MD run with model neutral amphiphilis but with a
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Figure 20: Final onguration for the bilayer of neutral amphiphilis, inluding our extra soft
hydroarbon- hydroarbon potential interation term.
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Figure 21: Atomi density prole (number of atoms per Å
3
) and eletron density prole
(eletrons/Å
3
) for the bilayer of neutral amphiphilis, inluding our extra soft hydroarbon- hydro-
arbon potential interation term.
reverse dipolar moment. Therefore the last studied model membrane is entirely similar to
the preeding one, exept that the neutral amphiphilis have a reverse dipolar head, that
is, the A1 site has a harge of +1e and site A2 has a harge of -1e. The soft potential term
between non bonded united atoms is also inluded. The proedure and the obtained results
of this ase are entirely similar to those reported in this setion, and we are not inluding
them here, exept for the obtained prole of the marosopi eld and the measured prole
of fores on the amphiphilis as a funtion of the loation of their enters of mass along z,
Fig.23. The alulated marosopi potential V (z ) to that alulated, for example, in the
all-atom simulation of a membrane of neutral SDPC lipids [38℄, exept that their negative
potential is of about -14.4e/Å, and ours is about -4e/Å. The dierene is explained by
the average dipolar moment of the SDPC moleule along z, of about 0.9 eÅ and ours
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Figure 22: Prole of: (a) the marosopi harge density ρ(z), potential V (z) and eletri eld E(z)
(full line for total values, dotted line for heads plus ions ontribution), (b) our measured prole
of marosopi eletri, external and total fores on amphiphilis, as a funtion of the loation of
their enters of mass along z, in the model membrane of neutral amphiphilis, and inluding our
extra soft hydroarbon- hydroarbon potential interation term.
is about 0.2eÅ (due to a mean orientation angle of 82deg. with respet to the bilayer normal).
The results of the last simulation implies that by inreasing the head dipolar moment of
the neutral amphiphilis, the bilayer should be stable. And eetively, with a MD simulation
of neutral amphiphilis, but with a strong harge of +4e on site A1 and a harge of -4e on
site A2, we obtained an equilibrated bilayer sample, without the need of inluding the extra
soft interation term between the non-bonded hydroarbons sites.
Most probably this is an indiation that our membrane sample is not fully hydrated and a
larger amount of water should be inluded.
VII. CONCLUSION:
In this paper we studied several simple models of amphiphili biologial bilayers, and
analyzed the key rle of the eletrostati interations in their self-assembly. The reverse
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Figure 23: Prole of: (a) the marosopi harge density ρ(z), potential V (z) and eletri eld E(z)
(full line for total values, dotted line for heads plus ions ontribution), (b) our measured prole
of marosopi eletri, external and total fores on amphiphilis, as a funtion of the loation
of their enters of mass along z, in the model membrane of neutral amphiphilis with reverse
dipole (q(A1)=1 e, q(A2)=-1 e), and inluding our extra soft hydroarbon- hydroarbon potential
interation term.
model bilayer, a NB lm was analysed in a previous paper [2℄. The moleular models are
simple enough so a large number of omponents an be inluded in the MD samples, but
also detailed enough so as to take into aount moleular harge distributions, exible
amphiphili moleules and a reliable model of water. All these properties are essential to
obtain a reliable onlusion at the nano- sale. Our amphiphili model also allows to study,
in a simple way, the properties of bilayers formed by harged or neutral amphiphilis and
with or without expliity inluding water moleules in the numerial simulations.
As for the alulation of the eletrostati interations, we use our proposed novel and
more aurate method to alulate the marosopi eletri eld in uasi 2D geometries [2℄,
whih an be easily inluded in any numerial alulation. The method, that essentially is
a oarsed grain t of the marosopi eletri eld beyond the dipole order approximation,
was applied here to symmetrial bilayers (along the normal to the bilayer and with periodi
boundary onditions in two dimensions), but their derivation is general and valid also for
30
asymmetrial slab geometries.
We also propose a mean eld method to take into aount the far distant water moleules
interating with a single bilayer of the biologial type. This proedure allows the study of
one isolated biologial bilayer in solution, and not the usual stak of bilayers, as obtained
when 3D periodi boundary onditions are applied.
Lastly, we emphasize the relevane and utility of these simple bilayer models. They an
be applied to the systemati study of the physial properties of these bilayers, that strongly
depend not only on 'external parameters', like surfae tension and temperature, but on the
kind of guest moleules of relevane in biologial and/or ambient problems embedded in
them. In turn, the struture and dynamis of the embedded moleules strongly depend on
their interations with the bilayer and with the sorrounding water.
These simple model bilayers an also be useful to model, for example, the synthesis
of inorgani (ordered or disordered) materials via an organi agent [46℄. This is a reent
and very fast growing researh eld of nanotehnologyal relevane, as are lithography,
ething and molding devies at the nanosopi sale. Another fast developing eld is that of
eletroni sensors and nanodevies supported on lipid bilayers [47, 48℄. Lastly, as our model
retains the exibility of the original amphiphilis, and the eletrostati interations are
inluded, the approah is really useful to obtain 'realisti' solutions to the above mentioned
problems as well as those related to eletri elds and eletrostati properties.
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